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Applying scanning electron microscopy in transmission mode and grazing incidence X-ray diffraction, we
investigated the spinel-forming solid-state reaction between crystalline ZnO and amorphous Al,O3 layers pre-
pared by atomic layer deposition. We observed two-stage phase growth of the crystalline ZnAl,04 product layer.
During the first stage, flat, pancake-like islands are formed in the nucleation process and these nuclei grow
laterally without much increment in thickness. After these islands grow together to form a continuous layer,

planar growth is happening in the second stage. We show that the solid-state reaction is governed by grain
boundary and interface diffusion instead of interface reaction control observed between crystalline parent

phases.

Spinel type materials have a general formula of AB,O4, where both A
and B are metals, and A is divalent, while B is trivalent. This group of
materials have attracted considerable interest recently due to their
excellent optical, electronic and catalytic properties [1]. Zinc-aluminate
(ZnAl,04 or gahnite) spinel is receiving special attention due to its
especially useful optical and catalytic properties. The possible future
applications span a wide variety of fields. ZnAl,O4 can be used as a
catalyst in the removal of air polluting agents; e.g. reduction of NO, by
hydrocarbons [2]. It is a promising photocatalyst to degrade toxic aro-
matic compounds like toluene [3] and it can also catalyse CO hydro-
genation to methanol/dimethyl ether [4]. Furthermore, it might be
applicable as a sensor thanks to the fact that its luminescence spectrum
strongly depends on its thermal history [5]. With doping, the colour of
its photoluminescence is finely controllable and can be used as a phos-
phor [6]. Its nonlinear optical properties make it a potential optical
limiter material [7]. Zinc-aluminate can also be very interesting for the
solar energy industry, as it has recently been shown to be suitable as an
antireflective coating material to improve the power conversion effi-
ciency of silicon solar cells [8].

Other than its great material properties, the many different available
methods of producing ZnAl,0,4 makes it an industrially applicable ma-
terial. Production flexibility is a key for the industry to enable the
optimization of fabrication costs. Zinc-aluminate can be produced e.g.
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via sol-gel method [9], hydrothermal synthesis [10], solid-gas reaction
[11], molten salts [12] and solid-state reaction. In our work we will
focus on the latter one, namely the solid-state reaction between ZnO and
Al;03. Not many studies have investigated the reaction kinetics in this
binary system. In [13] the authors determined the growth kinetics of the
product phase between two crystalline layers of the parent phases. The
reaction clearly showed a linear phase growth in time, indicating an
interface controlled reaction.

The formation of zinc-aluminate spinel in the solid-state reaction of
ZnO and Al,Oj started to attract considerable attention when, with the
right initial setup, it produced hollow ZnAl,04 or laminated composite
nanotubes [14-22]. For this behaviour to take place, the initial samples
were multilayered cylindrical structures with crystalline ZnO and
amorphous Al,O3 layers, usually prepared by atomic layer deposition
(ALD). ALD is a great tool to uniformly coat cylindrical templates, let
them be nanowires [19] or cylindrical holes [22].

A great starting template to produce the initial multilayered, cylin-
drical samples are polymer nanowires. These can be easily removed by
heating the system in air at an elevated temperature [19,23]. At first, the
samples were heated to 230°C with 10°C/min rate, then the heating rate
was lowered to 2°C/min to avoid damaging the nanotube structure,
when the most intense gas release and combustion occurred. The
annealing was finished at 550°C by quenching the sample [23].
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To investigate the details of spinel formation in the reaction between
ALD-deposited crystalline ZnO and amorphous Al,O3 layers, we pre-
pared bilayered, planar thin film samples in a Beneq TFS-200-186
reactor by low-temperature (100°C) thermal ALD on Si(111) sub-
strates with their native oxide layers. The Al,O3 layer was prepared
using trimethylaluminium (TMA) and water (H;0) as precursors. The
ZnO layer was prepared from diethylzinc (DEZ) and water (H;O0) as
precursors. The average thicknesses of the grown layers were deter-
mined by evaluating transmission mode scanning electron microscope
(TSEM) images (see Fig. 1a). For alumina it was 88.4 nm, while the
average thickness of the ZnO layer was 163.1 nm.

With these deposition conditions, ZnO is growing in the wurtzite
crystal structure. Preferential growth have been observed previously,
and the preferred crystal orientations depend strongly on the deposition
temperature, substrate material and orientation [24-30].
Aluminium-oxide thin films prepared by ALD are known to be amor-
phous and the O/Al ratio in them is the stoichiometric 1.5 [31,32],
which we also confirmed by energy dispersive X-ray spectroscopy (EDS)
in a transmission electron microscope.

To avoid the reaction between ZnO and the native oxide of the Si
substrate, we have purposefully chosen the following layer order: Si/
Aly03/Zn0. The initial interface sharpness between the two investigated
layers is determined by the layer uniformity of the bottom layer, so this
layer structure has the added benefit that since the amorphous alumina
layer produced by ALD is extremely flat, the initial interface was
extremely sharp, too.

Lamellae that can be examined in transmission mode were prepared
from the samples using a focused ion beam scanning electron micro-
scope (FIB-SEM) and images were taken in transmission mode in the
same scanning electron microscope.

In the image of the as-deposited sample (Fig. 1a), one can observe a
very flat and sharp initial interface between the amorphous Al,O3 and
the crystalline ZnO.

To make our results in the planar samples comparable to the ones
produced with initial polymer cores, which then are removed by burning
out, we also performed the same pre-treatment step (to 230°C with
10°C/min, to 550°C with 2°C/min, then quench) in air atmosphere using
a tube furnace. Of course, in our case no combustion happens as there is
no polymer in the system, but our motivation was to investigate if this
pre-treatment step is sufficient to initiate the solid-state reaction be-
tween the two layers.

After this first heat treatment, the sample shows no structural change
(Fig. 1b). We performed subsequent, isothermal heat treatments on the
same sample, in the same furnace, in air atmosphere at 700 °C. Both the
introduction and the removal of the sample happened at this tempera-
ture, so the heating and cooling times are negligible compared to the
actual heat treatment times. Based on previously published results, at
this temperature the formation of a reaction product was expected [14,
17,19], which was confirmed by TSEM images (see Fig. 1c-f).

Grazing incidence X-ray diffractograms (GIXRD) were collected
under Cu-Ka radiation using an X-ray diffractometer (see Fig. 2). Inci-
dent angle was @ = 1.3°, which corresponds to at least 800 nm pene-
tration depth in ZnO [33,34]. No reaction product was visible after the
pre-treatment (to 230°C with 10°C/min, to 550°C with 2°C/min, then
quench). The only peaks in the diffractogram are from the crystalline
ZnO as the ALD-deposited Al,O3; layer was amorphous. The GIXRD
measurements, performed on the annealed samples, confirmed that the
reaction product visible on the TSEM images is indeed crystalline
ZnAl;04. Note that no Al,O3 peaks appear even after a very long heat
treatment as the crystallization of ALD-prepared amorphous alumina
does not start below 800°C [35].

In Fig. 2, the peak at 34.45° corresponding to ZnO (0 O 2) planes

! Process parameters and further experimental details can be found in the
Supplementary Materials.
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shows a significant decrease in intensity. The change in the relative
intensities of XRD peaks during heat treatments of ZnO thin films by
atomic layer deposition have been observed before [24,27]. Generally,
the crystal orientation that was preferred during deposition (in this case
(1 0 0)) will gain higher dominance during the additional annealing.
One must note, that due to the many overlapping XRD peaks between
ZnAl,04 and ZnO, it is hard to draw a quantitative conclusion about the
relative weights of the ZnO peaks, but the goal of these measurements
was to identify the reaction product.

After 15 min at 700°C, islands of the new phase are clearly identifi-
able in the TSEM images (see Fig. 1c). The new phase is very clearly
located on the amorphous alumina side of the initial interface, indi-
cating that the oxygen and zinc ions of ZnO are the only diffusing spe-
cies. This is in clear agreement with the experimental findings in
nanowires, where amorphous alumina was used as well [14-17,19,22,
37]. We must note though, that this is very different from the findings in
planar systems with crystalline Al;O3 and ZnO layers, where the reac-
tion product grows in the directions of both parent phases, indicating
that in those cases both species diffuse into each other [13,38].

Apart from the location of the formed phase, another strong indicator
of the asymmetric diffusion in the system is the appearance of the Kir-
kendall voids between the product phase islands and the initial ZnO
phase (see Fig. 1c).

The Kirkendall effect or Kirkendall shift occurs due to the difference
in diffusivities of the components moving in opposite directions and the
resulting vacancy flux. These vacancies can annihilate on dislocation
kinks and generate a lattice shift which we know as Kirkendall shift.
Another way for these vacancies to annihilate is forming voids, these are
the Frenkel voids, but most often named as Kirkendall voids in the
literature. These two processes are competing with each-other. If one
suppresses void formation by an external pressure, the magnitude of the
Kirkendall shift will increase [39,40].

Interestingly, these voids do not slow down the reaction. The reason
for this is that material transport continues on the walls of voids with
surface diffusion, which has a much lower activation energy [15-17,41].

Increasing the annealing time to 30 and 60 min results in the growth
of the previously formed islands. But interestingly, the growth happens
almost exclusively in lateral direction, parallel to the initial interface
and only to a much lesser extent perpendicularly to that (Fig. 1d).

While this “pancake” type of phase nucleation is not unknown to
materials science, according to our knowledge this is the first time it was
observed in a solid-state reaction between two oxide layers. It was first
theorized and predicted by Coffey et al. in 1989 from detailed analysis of
differential scanning calorimetric data [42]. In those measurements two
peaks can be observed during the solid-state reaction, indicating a
two-stage phase formation. The first peak belongs to the nucleation and
lateral growth of the product phase nuclei, while the second peak in-
dicates the normal, planar growth of the continuous reaction layer.
Similar behaviour has been found in multiple metal-metal and
metal-silicon reactions, from which Co-Si and Ni-Si are the most
remarkable ones [43-52].

Detailed analysis of the first, lateral growth stage was first attempted
by Klinger et al. [53]. Later a more complete picture was drawn in Gusak
et al. [39], Lucenko and Gusak [54], Gusak et al. [55], Pasichnyy and
Gusak [56]. For an “almost lateral” growth of the initially formed nuclei,
the authors had to take a few assumptions. First, bulk diffusion in every
phase was completely frozen, meaning that diffusion of the species could
happen only along the interphase boundaries of the initial phases and
the product phase. At the same interphase boundaries solid-state reac-
tion takes place. As a result of these assumptions, the growth of a
product phase island comes to a quasi-stationary state when its
maximum thickness reaches an asymptotic value, but its lateral size
increases linearly with time.

At the end of the first stage, the lateral growth is naturally terminated
by the coalescence of the product islands to a continuous layer. The
second stage of phase growth is the planar growth of the reaction layer.
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b) burn-out
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Fig. 1. Transmission mode scanning electron microscopy (TSEM) images of lamellae prepared by focused ion beam from samples after different heat treatments. (a)
As-deposited sample with a very sharp interface. (b) After the pre-treatment step (to 230°C with 10°C/min, to 550°C with 2°C/min, then quench), the interface is still
sharp and flat. (c) Subsequently annealing the system for 15 min at 700°C results in the formation of flat islands of the reaction product on the Al,0j3 side of the initial
interface (marked by the ellipses). The magnified detail with the arrows shows the tiny Kirkendall voids appearing on the initial interface where the reaction product
forms. (d) Annealing the system for 60 min at 700°C results in islands that increased in lateral size significantly, but much less in thickness. The significant increase in
the size of the Kirkendall voids is also evident. (e) Annealing the system for 240 min at 700°C, the reaction product forms a continuous layer (marked by the arrow)
with Kirkendall voids scattered everywhere at the initial interface. (f) With the increment of the heat treatment time, the reaction product layer (marked by the

arrow) grows in thickness.
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Fig. 2. GIXRD diffractograms collected after two different heat treatments. The
black, dashed curve belongs to the sample after the pre-treatment step. The red,
continuous curve is the diffractogram of the sample after an additional 1920
min heat treatment at 700°C. The inserts show the positions of the most intense
peaks of ZnAl,04 [36] by vertical dashed lines. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version
of this article.)

We can observe this in the TSEM images (see Fig. 1e and f).

On the TSEM pictures of different lamellae, image analysis was
performed. We measured the apparent widths of the product islands and
the average maximum thicknesses of the “pancakes” visible on the im-
ages. Their average thicknesses were calculated from uniformly spaced
measurements along the full widths of the islands. We measured the
average thicknesses of the continuous product layers in the later stage
with the same method. The collected data are presented in Table 1.
Combining the data from the table and translating it to the schematic
figure of Fig. 3, a more complete picture of ZnAl,O4 spinel formation in
the solid-state reaction between crystalline ZnO and amorphous Al,O3
can be drawn.

Looking at the data, one can see that the average observed lateral
widths of the islands are growing much faster than their average
maximum thicknesses. Assuming a power law growth with time, these
data suggest that the exponent is 0.8 for their apparent lateral widths
and 0.28 for their average maximum thicknesses. These findings are
similar in nature to the theoretical predictions of a linear lateral growth
and an asymptotic maximum thickness of the islands [39].

The continuous moderate increase in maximum thicknesses of the
islands we observed, instead of reaching an asymptotic maximum, can
be explained by the presence of grain boundaries inside the product
phase. While volume diffusion might be frozen at this low temperature,
grain boundaries can contribute significantly to the amount of material
diffusing through the product phase, causing the deviation of the
experimental results from the idealized theoretical case. This is sup-
ported by the observation of a strong effect of grain boundaries on the
solid-state reaction, confirmed by earlier experiments performed be-
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Fig. 3. Schematic figure to demonstrate the initial, two-step growth of the ZnAl,O4 spinel product phase. The continuous layer is formed by the coalescence of
multiple islands. The figure is prepared to scale from the data in Table 1. The maximum thicknesses and the observed widths of the islands and also the average

thicknesses of the layers are all sized to scale.

Table 1
FIB-TSEM image analysis measurement results.
Annealing Phase Average Average Average
time geometry thickness of maximum observed
reaction thickness of width of
product islands islands
15 min islands 7.5 nm 9.4 nm 170 nm
30 min islands 9.0 nm 11.0 nm 376 nm
60 min islands 9.9 nm 13.9 nm 518 nm
240 min continuous 17.9 nm N/A N/A
960 min continuous 31.0 nm N/A N/A
1920 min continuous 44.4 nm N/A N/A

tween crystalline parent phases. In that case a significantly faster growth
rate of the product phase was observed in the vicinity of the grain
boundaries of the ZnAl,04 phase (see Fig. 6. in Gorla et al. [13]).

Plotting the average thickness of the reaction product as a function of
time in a double-logarithmic graph (Fig. 4), we get a 0.37 exponent
value of the power law, which is significantly lower than 1.0 which was
determined for the case of crystalline parent phases [13]. Furthermore,
it is also lower than 0.5 what is expected for a normal, volume diffusion
controlled phase growth. This is almost always an indication of a process
where the main atomic transport mechanism is grain boundary diffusion
through the product layer while simultaneous coarsening of the reaction
product grains is taking place [57-60]. In the extreme case, when the
average lateral size of the product phase grains follows a power law of
t%5, the thickness of the product layer follows a t°2 power law [58].

Although the number of available data points is limited due to the
difficulty of the experimental method, the deviations of the two growth
stages from the function fitted to the whole growth process support the
theoretical predictions. In the early stage, with product phase islands,
the phase gains thickness slower (lower exponent) than during the
planar growth of the later stage (higher exponent) (see Fig. 4).

Recently, Gusak [61], Gusak and Storozhuk [62] showed that
assuming lateral grain growth only in the interface region can result in
an increasing grain size perpendicularly to the initial interface. In this
case, the thickness of the product layer follows a growth kinetics with an
exponent between 0.25 and 0.5. They studied the initial condition of
wide and thin, pancake-like nuclei with ca. 10 nm thickness. The
analytical calculations resulted in an 0.4 growth exponent for the phase
thickness, which is very close to the one we observed in our experiments.
While our TSEM images are not detailed enough to prove any gradient in
lateral grain size, it is evident that some type of grain coarsening is
taking place in the system during phase growth. Some visible grains in
Fig. 1f are clearly larger than the average island size after 15 min (see
Fig. 1c).
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Fig. 4. Spinel island width and average thickness of the reaction product as a
function of time. The thickness follows a power law with an exponent of 0.37.
The exponent of the growth is lower (0.20) for the islands and higher (0.43) for
the continuous layer. The average width of the islands follow a power law with
an exponent of 0.80. (Note the two y-axes.).

In conclusion, we showed that between crystalline ZnO and amor-
phous Al,O3 a crystalline ZnAl,O4 spinel phase forms at 700°C. The
reaction product grows only in the direction of the alumina phase,
producing Kirkendall voids at the interface. This is an indication that the
process is controlled by the diffusion of oxygen and zinc ions of ZnO. In
the first stage of the solid-state reaction, the nucleation of the product
phase happens in the form of flat, pancake-like islands which is followed
by their fast lateral growth with negligible increase in thickness. After
the formation of a continuous ZnAl,04 layer, in the second stage of the
reaction, the growth of the product phase is governed by grain boundary
diffusion through the forming phase with increasing grain size. This is
proven by a growth exponent of 0.37. This type of two-stage phase
formation puts a lower limit on the minimum thickness of an achievable
continuous product layer between the two parent phases, which can be
important from an application point of view.
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